Thermoelectrics are promising by directly generating electricity from waste heat.
a universal value 7 . Here, we experimentally demonstrate the non-saturating thermopower and the signature of quantized thermoelectric Hall coefficients in WSM tantalum phosphide (TaP). An ultrahigh longitudinal thermopower = . × / , along with a power factor ~ μ / / , are observed ~50K.
Moreover, the thermoelectric Hall coefficients develop a plateau at high-fields and low temperatures, which further collapse into a single curve determined by universal constants. Our work highlights the unique electronic structure and topological protection of Weyl nodes toward thermoelectric harvest applications at low temperature.
Over two-thirds of the global energy production is rejected as waste heat.
Thermoelectrics is attractive by directly converting waste heat into electricity without moving parts. The efficiency of the thermoelectric energy conversion is an increasing function of a dimensionless quantity = , where σ, S, κ denote the electrical conductivity, thermopower, and total thermal conductivity. Conventional thermoelectrics largely focus on tuning the thermal and electrical conductivities. Many efforts, such as lower dimension 8 , microstructuring 9, 10 and nanostructuring 11, 12 , share the same driving force: by increasing the scattering of major heat carriers of long mean-free-path phonons without affecting the electrons with shorter mean-free-path, a level of independent control between electrical conductivity σ and thermal conductivity κ can be achieved, such as the phonon-glass electron-crystal state 13 . However, less attention was paid to improve the thermopower S, even though the relation in zT makes its appealing to improve.
Moreover, current thermoelectrics mainly work at elevated temperatures, where roomtemperature and sub-room-temperature thermoelectrics are highly challenging. In fact, these two main issues are deeply connected by the intrinsic entropic nature of thermopower S. To increase electrical conductivity σ, large carrier density-of-state is preferred. However, the large density-of-state indicates a large electronic entropy, which is supressed at reduced temperature 14 . As a result, dramatic increase of electronic entropy without hampering electrical transport becomes a critical step to achieve highperformance thermoelectrics at sub-room-temperature regime.
In conventional thermoelectrics, bandstructure engineering has been applied to create partially-filled carrier pockets 15 , which can lead to an increase of electronic entropy. This approach has also been applied to topological WSMs, where small Fermi level near the charge neutral point effectively increases the electronic entropy [16] [17] [18] 6, 7 .
In this work, we carry out high-precision thermoelectric measurements using a centimeter-sized type-I WSM of TaP Quantum oscillation. We first present our data of the longitudinal magnetoresistance up to 9T, where the magnetic field is parallel to the c-axis direction of TaP. A giant magnetoresistance was observed, where at T<25K, the relative magnetoresistance
Such large ratio is a signature behaviour for an electron-hole compensation system, which is further confirmed by the two-band model fitting, from which we obtain a = 2.39 × 10 /cm and = 2.35 × 10 /cm at the base temperature of 2.5K (Supplementary Information II). The quantum oscillation signature is observed from both the longitudinal and the transverse magnetotransport, which is preserved up to T=25K (Figure 1d ). This indicates an ultrahigh sample quality. Non-saturating thermopower. With the knowledge of charge carrier characteristics, we carried out the thermoelectric measurements using a diagonal offset geometry ( Figure   2a ), where both the electronic and thermal transport information along the longitudinal and transverse directions can be acquired by flipping the field polarity (Supplementary Information IV). In this section, we focus on the longitudinal thermoelectric properties.
The longitudinal thermopower is shown in Figure 2b , where a peak value max ( ) = 1.07 × 10 μV/K is observed at = 9T and = 48K . One prominent feature is that has developed an exotic double-peak behaviour, where a second peak emerges at slightly lower temperature, which can be attributed to the two types of the Weyl nodes: at low fields, The W1 will dominate and lead to the left peak given its higher carrier density from electron pocket, while at higher fields, the n=0 Landau level at W2
will take over. This is so since at high fields approaching to the quantum limit, ~ , thus for n=0 Landau level, is a B-independent constant, while ∝ , indicating a dominant contribution of from the carriers near W2 Weyl node. In particular, it has been predicted that the has a simple formula 6 :
where f N is number of Weyl nodes, for TaP, we have 24 (Figure 2f ). This is one order of magnitude higher than the peak values of practical thermoelectrics (e.g. SnSe, ( )~10μW/cm/K ) 22 .
Quantized thermoelectric Hall effect. As to the transverse thermoelectric properties, we can see that the transverse thermopower also reaches a peak value ~10 / at = 50 (Figure 3a ), moreover with a plateau. This plateau behaviour is consistent with the recent report arisen from the constant k-space volume while varying the Weyl-cone separation as a function of field 16 , and shall not be confused with the thermoelectric hall conductivity . Figure 3b , where at low-temperature range, the flatness against B-field starts to emerge.
In particular, under the low-temperature B F k T E  and high-field
is predicted to approach to the following universal value that is dependent on neither field nor carrier density 7 :
The linearity of as a function of T is shown in Figure 3c , where we see that the linearity holds up to ~10K. As a direct consequence, the ⁄ curve collapses into one single curve, which can be seen in Figure 3d , where the ideal value of
× 10 / obtained from full fitting with Eq. (3) and (4).
This is at the same order of magnitude as our data (Figure 3d ), yet the quantitative difference can be traced back to the W1 Weyl node with higher carried density, where a much higher field is need to bring both the electron pocket and hole pocket to quantum limit ( Figure 3e ). To take into account other Landau levels' contribution, or take into account the finite scattering time which leads to the observed peak behaviour at , we used the multi-Landau level formula in dissipationless limit 7 :
and a finite scattering formula for n=0 Landau level formula 7 :
to extract a more reliable chemical potential and Fermi velocity. The fitting results using Eq. (3) and (4) Weyl node, and the n=2 Landau level at W1 Weyl node away from linear dispersion will reduce the averaged , which is reasonable.
Breakdown of the Wiedemann-Franz Law. Wiedemann-Franz (WF) law is a robust empirical law in metals stating that the ratio between the electronic thermal conductivity e k and electrical conductivity  is related to a universal value of Lorenz number:
Recently, it has been reported the strong violation of WF law in 2D Dirac fluid of graphene 23 and Weyl semimetal WP2 24 due to the collective hydrodynamic behaviors of the electron fluid. Since magnetic field also has an effect on the WF law 25 , it is worthwhile to examine the validity of WF law in the type-I WSM of TaP. To do so, it is of paramount importance to properly separate the electronic and lattice thermal conductivity contribution. Here we use two independent methods to carry out the separation. On the one hand, we computed the lattice thermal conductivity ph k using ab initio density , as much as four-fold violation of WF law is observed (Figure 4d ). The origin of the breakdown might be related to probable quasiparticle breakdown 27 , or collective electron hydrodynamics 24 , which is subject to further investigation.
In this work, we demonstrated a giant, non-saturating longitudinal thermopower When we were finalizing this manuscript, we became aware that a similar work on Dirac semimetal was posted on arXiv 28 . The related work mutually strengthened the reliability of the quantized thermoelectric Hall effect with our work together. 
I. High-quality Single-crystal Growth
The single crystals of TaP were prepared by the vapor transport method. 
II. Experimental Details and Data Analysis for High-quality Thermoelectric Measurement
Due to the very high electronic and thermal conductivities of TaP, it is difficult to do precision electronic and thermal transport measurements on the as-grown crystals. To magnify the electronic resistance and the temperature gradient in the electronic and thermal transport measurements, one piece of crystal was polished to thin down along the c-axis. Figure S2 To measure the longitudinal and transverse resistivities ρxx and ρxy and Seebeck coefficients Sxx and Sxy simultaneously, we used a diagonal offset probe geometry for the electronic and thermal transport measurements, as shown in Figure S2 (a). 
here L and W represent the length and the width between the two thermometers. The temperature dependences of Sxx and Sxy collected at different magnetic fields are presented in Figure S3 After the TTO did the thermal transport measurement at a certain temperature, it would subsequently switch its mode to carry out the electronic transport measurement at the same temperature. Figure S4 Measured resistivities of TaP at 0 T, 9 T and -9 T for the diagonal offset probe geometry.
Longitudinal and transverse resistivities and conductivities (c) ρxx, (d) ρxy, (e) σxx and (f)
σxy as a function of temperature at different magnetic fields.
III. Magnetotransport and Carrier Concentration
To extract the information about the Fermi surface and the carriers, other than the electronic transport measurement measured with the TTO we talked about in the last part, we also carried out a more delicate electronic transport measurement with the electronic transport option (ETO) of PPMS. For this measurement, we adopted the symmetric six-probe geometry, with its schematic diagram shown in Figure S5 (a). With the symmetric probes, the symmetry of the longitudinal and transverse resistivities ρxx and ρxy at positive and negative magnetic fields can be observed, as shown in Figure   S5 (b) and (c). At low temperatures, a signature giant magnetoresistance for an electronhole compensation system is observed, and in both ρxx and ρxy strong Shubnikov-de 
IV. Thermoelectric Hall Coefficient
To validate the quantized thermoelectric Hall effect, especially the quantized plateau of the thermoelectric Hall coefficient αxy at high magnetic field limit, we calculated αxy with the following equation:
Before the calculation, we took the points of Sxx and Sxy from Figure S3 and ρxx and ρxy from Figure S4 , and replotted them as a function of magnetic field, as shown in Figure   6 To both extract the value of Fermi velocity and chemical potential , as well as identify the quantized value of / approached at very large fields, we fit our lowtemperature data up to T=10K using the general expression of in the dissipationless limit [7] :
where equals the number of Weyl points, and 0 ( ) denote the Landau level
The function ( ) is given in [7] . The fit is shown in S7 (a), and we extrapolate the fitted function to even larger magnetic fields, revealing we are near the onset of the quantized limit, shown in the inset. The value of / approached in this limit is ~0.5 AK −2 m −1 . The corresponding fitted parameters are given in S7 (b) and (c).
To verify this fit, we additionally fit our low-temperature data using the expression for / valid in the low-temperature and low magnetic field limit, but which includes a scattering time and is thus a more expressive form for data with weak scattering present:
where the cyclotron frequency is given by
This fit is shown in Figure S7 (d) with the corresponding fitted parameters shown in S7
(e) and (f), which are in fairly good agreement with those of the previous fit.
Similarly, we fit our high-temperature data in the limit of weak scattering using which is shown in Figure S7 (g) with corresponding fitted parameters in S7 (g) and (i).
V. Separation of Phonon and Electron Contributions to Thermal Conductivity
To check the obeying or violation of Wiedemann-Franz law, the phonon and electron contributions to thermal conductivity need to be separated. Figure S3 
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here βe(T) is proportional to the zero-field electronic mean free path of quasiparticles and n is related to the nature of the quasiparticle scattering. 4, 5, 6 Figure S8 
VI. Consistency of Charge Neutral
Our results from different measurements show high self-consistency. Taking charge neutral as an example, we can observe a high agreement of the temperatures of the charge neutral in carrier concentration and in Seebeck coefficient. In the plot of the carrier concentrations of electron and hole as a function of temperature, the top panel of Figure S9 , the electron and hole get neutralized at around 100 K while the Seebeck coefficient at 0 T changes its sign at around 75 K, as shown in the bottom panel of Figure S9 . 
